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Abstract 

In this review article we consider a spécial case of D = 5, M = 2 supergravity called 
the STU model. We apply the gauge/gravity correspondence to the STU model to gain 
insight into properties of the quark-gluon plasma. Given that the quark-gluon plasma 
is in reality described by QCD, therefore we call our study STU/QCD correspondence. 
First, we investigate the thermodynamics and hydrodynamics of the STU background. 
Then we use dual picture of the theory, which is type IIB string theory, to obtain the 
drag force and jet-quenching parameter of an external probe quark. 
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1 Introduction 



The relation between gauge théories and string theory has been the subject of many im- 
portant studies in the last three décades. First, Maldacena [1] proposed the AdS/CFT 
correspondence, therefore the AdS/CFT correspondence sometimes called Maldacena dual- 
ity According to this conjecture there is a relation between a conformai field theory (CFT) 
in (i-dimensional space and a supergravity theory in (d+ l)-dimensional anti-de Sitter (AdS) 
space. Maldacena suggests that a quantum string in (d + l)-dimensional AdS space, math- 
ematically is équivalent to the ordinary quantum field theory with conformai invariance in 
c?-dimensional space-time which lives on the boundary of AdSd+i space. The preliminary 
formulation of Maldacena are developed and completed by independent works of Witten [2] 
and Gubser, et al. [3]. The famous example of AdS/CFT correspondence is the relation 
between type IIB string theory in AdS§ x S 5 space and M = 4 super Yang-Mills gauge the- 
ory on the 4-dimensional boundary of AdS§ space. For more studying about the AdS/CFT 
correspondence and its applications see Réf. [4]. One of the most interesting application of 
the AdS/CFT correspondence is to study of quark-gluon plasma (QGP). A QGP or quark 
soup is a phase of quantum chromodynamics (QCD) which exists at extremely high tem- 
pérature or density. This phase consists of free quarks and gluons, which are several of 
the basic building blocks of matter. The QGP created at CERN's super proton synchrotron 
(SPS) firstly. Current experiments at Brookhaven national laboratory's relativistic heavy ion 
collider (RHIC) are continuing this effort. Nowadays scientists at Brookhaven RHIC have 
tentatively claimed to have created a QGP with an approximate température of 4 trillion 
degrees Celsius. The study of the QGP is a testing ground for finite température field the- 
ory. Such studies are important to understand the early évolution of our universe. Already, 
there are many attempt to study QCD by using gauge/gravity duality which usually called 
AdS/QCD correspondence where the M = 4 super Yang-Mills (SYM) plasma considered. 
The most important quantifies of QGP are the shear viscosity, drag force and jet-quenching 
parameter. The shear viscosity is one of the important hydrodynamical quantifies of QGP 
which relates to the important thermodynamical quantity so-called entropy, specially it is 
found that the ratio of shear viscosity rj to the entropy density s had a universal value: 
rj/s = 1/47T [5-18]. However, for the several cases, this value may be enhanced or reduced 
[19-29]. For example, a' corrections in string theory enhance the value of rj/s, but higher 
derivative corrections may be reduced it. In this paper we use diffusion constant [5] to obtain 
the ratio of shear viscosity to entropy density for the three-charged black hole in the STU 
model. Also we include higher derivative correction. The STU model admits a chemical 
potential for the U(l) 3 symmetry and this makes it more interesting. For instance, présence 
of a baryon number chemical potential for heavy quark in the context of AdS/CFT corre- 
spondence yields to introducing a macroscopic density of heavy quark baryons. Already the 
shear viscosity in the STU background computed [9,10] and higher derivative effects of the 
five-dimensional gauged supergravity [30] applied on the ratio of shear viscosity to entropy 
[31]. We should note that our paper is extension of the Refs. [10] and [31] because we 
are going to consider the STU model with three différent charges [32], which corresponds 
to three différent chemical potential, and arbitrary space curvature. The STU model is an 
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example of D = 5, M = 2 gauged supergravity theory which is dual to the M = 4 SYM 
theory with finite chemical potential. The solutions of M = 2 supergravity may be solu- 
tions of supergravity theory with more supersymmetry. Already the duality between gravity 
and M = 2 gauged theory investigated and found that M = 2 supergravity is an idéal 
laboratory [33-38]. Therefore, it may be to consider the STU model as a gravity dual of a 
strongly coupled plasma. In order to avoid naked singularity of the BPS black holes [37], 
non-extremal black holes of five dimensional M = 2 AdS supergravity analyzed in the Réf. 
[38] and found a lower bound on the non-extremality parameter where the corresponding 
non-extremal black hole has regular horizon. On the other hand the M = 2 supergravity the- 
ory in five dimensions can be obtained by compaction of the eleven dimensional supergravity 
in a three-fold Calabi-Yau [39]. The advantage of Kaluza-Klein reductional dimension and 
réduction of supersymmetry to obtain five-dimensional N = 2 gauged supergravity is better 
understanding the nature, also some calculation such as quantum correction is very difficult 
in the theory with more supersymmetry. Moreover, the D = 5, M = 2 gauged supergravity 
theory is a natural way to explore gauge/gravity duality, and three-charge non-extremal 
black holes are important thermal background for this correspondence. Now, we called this 
duality as STU/QCD correspondence. The STU model describes a five-dimensional space- 
time which its four-dimensional boundary includes QCD. For thèse reasons we focused on 
the STU background and studied the problem of the drag force and jet-quenching parameter 
[40-43]. The calculation of energy loss of moving heavy charged particle through a ther- 
mal médium known as the drag force. One can consider a moving heavy quark (such as 
charm and bottom quarks) through the thermal plasma with the momentum P, mass m 
and constant velocity v, which is influenced by an external force F. So, one can write the 
équation of motion as P = F — (P, where in the non-relativistic motion P = mv, and in the 
relativistic motion P = mvj\J\ — v 2 , also £ is called friction coefficient. In order to obtain 
drag force, one can consider two spécial cases. The first case is the constant momentum 
(P = 0). So, for the non-relativistic motion, one can obtain F = ((m)v. In this case the 
drag force coefficient (Çm) will be obtained. In the second case, external force is zéro, so one 
can find P(t) = P(0)exp(—(t). In another word, by measuring the ratio P/P or v/v one 
can détermine friction coefficient ( without any dependence on mass m. Thèse methods lead 
us to obtain the drag force for a moving heavy quark in the thermal plasma. The moving 
heavy quark in context of QCD has dual picture in the string theory where an open string 
attached to the D-brane and stretched to the horizon of the black hole. The existence of the 
black hole is necessary for considering the finite température field theory. Also the existence 
of the D-brane is necessary for considering the quark flavor. Moreover the existence of the 
rotating black holes in the five dimensional space is necessary for considering the finite chem- 
ical potential field theory. Already the issue of the drag force considered in the M = 4 super 
Yang-Mills thermal plasma with several interesting backgrounds [44-50]. In the Réf. [45] the 
problem of the drag force for the arbitrary metric studied, and the R-charged black D3-brane 
background as an example considered. This is just STU model with three différent charges 
after the spécial re-scaling which explain later in this paper. Therefore our work differs from 
the Réf. [45], so we don't like to use any re-scaling on the original metric. Another impor- 
tant property of the QGP is called the jet-quenching parameter (q). The knowledge about 
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tliis parameter increases our under standing about the QGP. In that case the jet-quenching 
parameter obtained by calculating the expectation value of a closed light-like Wilson loop 
and using the dipole approximation [50]. In order to calculate this parameter in QCD one 
needs to use perturbation theory. But, by using AdS/CFT correspondence the jet-quenching 
parameter calculated in non-perturbative quantum field theory. This calculations were al- 
ready performed in the M = 4 SYM thermal plasma with several interesting backgrounds 
[51-57]. Also the effect of higher derivative corrections such as Gauss-Bonnet on the drag 
force and the jet-quenching parameter has been studied [57, 58]. Hence, in the Réf. [53] we 
calculated the jet-quenching parameter in STU model include higher derivative correction 
and external electric field. We represent also our results in this paper. In the Réf. [40] we 
considered the moving quark at J\f = 2 supergravity and obtained the drag force for the 
first time. In that paper we considered the non-extremal black hole with three equal charge 
and have shown that our results at near-extremal limit agrée with the case of M = 4 SYM 
theory. Then in the Réf. [41] we considered the non-extremal black hole with one charge 
and calculated the drag force for the three différent spaces: three dimensional sphère, a 
pseudo-sphere and a fiât space. Thèse cases are just spécial case of STU model. So, in the 
Réf. [42] we extended our previous works to the gênerai case of STU background, where the 
non-extremal black hole has three différent charges. Also we studied the quark-anti quark 
(qq) configuration and introduced rotating qq pair in the STU background. Finally in the 
Réf. [43] we compute the jet quenching parameter for the case of the non-extremal black 
hole with three différent charge. We generalize that work to the case of arbitrary curvature 
and obtain gênerai expression of the jet-quenching parameter in this review article. There 
are also interesting hydrodynamical quantity such as thermal and electrical conductivity 
which can be calculated from gauge/gravity duality. In the récent work [59] the thermal 
and electrical conductivity calculated in présence of non- zéro chemical potential and found 
that conductivities for gauge théories dual to R-charged black hole in d = 4 behaves in a 
universal manner. In the Réf. [59] R-charged black holes in arbitrary dimension considered 
and electrical conductivity computed. We use results of the Réf. [49] to write an expression 
for electrical conductivity as a hydrodynamical property of the QGP. In the Réf. [60] the 
STU model used to describe a relativistic fluid with multiple charges, and some transport 
coefficients relevant to the physics of the QGP calculated. Also in the Réf. [60] a time- 
dependent version of the STU model dual to a boost-invariant expanding plasma presented 
which may be useful for future studies based on this paper. In this paper we shall investigate 
some important properties of the QGP in the STU model with non-extremal black hole and 
three différent charges. Indeed, we review some of the previous results and also add some 
new things, and collect ail of them in this review article. Therefore, in section 2 we review 
basic properties of the STU model and obtain corresponding gênerai relativity équations. 
In section 3 we extract thermodynamical quantifies of the STU model, and in section 4 we 
compute the ratio of shear viscosity to entropy density. Then, in section 5 we consider the 
problem of the drag force for the several configurations. In section 6 we generalized compu- 
tation of the jet-quenching parameter to the case of STU black hole with arbitrary curvature 
space. Finally in section 7 we summarized our results and give conclusion. 
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2 STU Model 



2.1 Metric 

The STU model is the spécial form of the M = 2 supergravity in several dimensions. This 
model has generally 8-charged (4 electric and 4 magnetic) non-extremal black hole. However, 
there are many situations with less than charges such as four-charged and three-charged black 
holes. In that case there is great différence between the three-charged and four-charged black 
holes. For example if there are only 3 charges, then the entropy vanishes (except in the non- 
BPS case). So, one really needs four charges to get a regular black hole. In 5 dimensions 
the situation is différent and actually much simpler, there is no distinction between BPS 
and non-BPS branch. So, in 5 dimensions the three-charged configurations are the most 
interesting ones [61]. Therefore, we begin with the three-charged non-extremal black hole 
solution in Af = 2 gauged supergravity which is called STU model and described by the 
following solution [62], 

ds 2 = -^dt 2 + nk^ + ^dni k ), (i) 



ni v fk R 2 



where, 



2 

p r 



h = k-^ + —n, 



r 



R 2 



3 



n = \h 



i ■ 



Hi = l + ^§, 1 = 1,2,3, (2) 

where R is the constant AdS radius and relates to the coupling constant via R—l/g (also, 
coupling constant relates to the cosmological constant via A = — 6g 2 ), and r is the radial 
coordinate along the black hole, so the boundary of AdS space located at r — > oo (or r = r m 
on the D-brane). The black hole horizon specified by r = which is obtained from /& = 0. 
In the STU model there are three real scalar fields as X % = H$ / Hi, which satisfy the following 
condition, YYi=i X % = 1. In another word, if we set X 1 = S, X 2 = T, and X 3 = U, then 
there is the STU = 1 condition. For the three R-charges Çj, in the équation (2), there is an 
overall factor such as Çj = yU.sinh 2 /3j, where /x is called non-extremality parameter and are 
related to the three independent electrical charges of the black hole. Finally, the factor of 
k indicates the space curvature, so the metric (1) includes a S 3 (three dimensional sphère) 
for k = 1, a pseudo-sphere for k — — 1 and a fiât space for k = 0. So, for k = 1, k — and 
k = — 1 one can write respectively, 



R 2 (dp 2 + sin 2 pdd 2 + sin 2 psin 2 1 
dttl k = { dx 2 + dy 2 + dz 2 (3) 

R 2 (dp 2 + sinh 2 pd6 2 + sinh 2 p sin 2 ■ 
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2.2 Equations 

By introducing the new variable, 



a 



6 



HHiHzHs), 



(4) 



one can obtain the following independent Christophel symbols, 



1 rt 



1 F 



fk 



il 



il 



1 

5 

r 

A 

Vk 



1 tt 



^ 6u f k (f k -Af k u'), 
-f k r(l + rit'), 



(5) 



where the index i refers to the angular components. This yields us to the following non-zero 
components of Riemann tensor, 



rt rtr 



RI 



-(4f k u' + 4f k ru' 2 -f k -rf' k u') 1 
i(4n"-f -12n' 2 + 7^), 

2 Jk Jk 

lfke- &u (f k u'-4f k u' 2 + ^-A^] 
2 r r 



R 1 



r 4rt 



U 



-il 



nu' r k 



2f k 2f k r' 



tu, 



-f k e- 6u (12f k u' 2 + f> - 7 fat - 4f k u"), 
- r -(2f kU ' + f k + rf k u' + 2rf kU "). 



(6) 



Hence, we can extract the following components of the Ricci tensor, 

r* = 



Rl 



- 2 «(M— f ^ + 2f k u' 2 -f' k u'-f k u"), 
r 

- 2u ' AfkU ' ~ fk + Sf k u' - 4f k u' 2 - S. + 2 / feU ") 



2r 

— 2u/ r II fk r £ 12 fk u . r-i i f k ^ 

e {fku - — - Qfau — + 3f k u - — 



2 

Finally one can find the Ricci scalar as the following, 

-lu n fk u ' — f k 



R 



- 8f k u' 2 + 5f' k u' - 2f k u" - f» 



(7) 



(8) 
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We can realize the relation (4) by Computing the field strengths of the abelian gauge field 
which obtained by using components of the Ricci tensor as R\ — R\ ~ F rt F rt [10], and 
comparing it with the gauge field équation of motion [38]. 



2.3 Horizon structure 

Now, we would like to discuss horizon structure of the metric (1). In the Réf. [38] the 
appropriate conditions for the existence of horizon in the STU model with k = 1 extracted. 
Here, we give similar discussion for arbitrary k and obtain exact relation for the black hole 
horizon. The fk = reduced to the following équation, 



Ar A - Br 2 + giç 2 <73 = 0, 



(9) 



where A = q\ + q2 + <?3 + kR 2 , and B = jiR 2 — q\q% — — <7i<?3- A possible solutions of the 
équation (9) is given by, 



r± = ± 



W 2 - 2AW + 4(3£ + A 2 



6W 



(10) 



where we defined, 

3 

W 3 = -36AB- 108 JJçi-8-4 3 



i=l 



+ 12 



i 



-12B* - 3A 2 B 2 + 5AAB]J q t + 81(fjg,) 2 + 12^l 3 fj g». (11) 



i=l 



i=l 



i=l 




Figure 1: Typical horizon situation of STU black hole with k 
charges. 



-1 for small black hole 
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The r + dénotes outer horizon, while the r_ dénotes inner horizon. Other solutions of the 
équation (9) are imaginary. In the Fig. 1 and Fig. 2 we draw horizon structure of STU 
black hole for différent space curvatures. 




k=0 k=l 



Figure 2: Typical horizon situations of STU black hole with k = and k = 1 for small black 
hole charges. 



However, with r 2 = x the function x 2 R 2 f(x) = x 3 + Ax 2 — Bx + Yl^=i Qi nas two extremum 
at x± = ~(— 1 ± y) where y = 1 + z = Jl + ^ > 1, so x_ < is not acceptable région. 
Therefore, in order to have at least one horizon in the positive région it should be to have 
x 2 + f{x + ) < which implies that — 2z 3 — 3z 2 + c < 0, where c = (;|) 3 n^=i Qi — m or der to 
find z, we restrict ourself to the following cases, (i) < 1 which implies c <?C 1, A — kR 2 
and B ~ \iA. (ii) ^> 1 and g« ~ g which implies c — 1 <C 1, A — 3q and S ~ fiR 2 — 3g 2 . 
In the first case one can obtain z = which yields to the following critical value for the 
non-extremality parameter, 



^c = 2^—q iq2 q 3 + — . (12) 

It tells us that the first approximation is only valid for the cases of k = and k — 1. We 
can see that the space-time including pseudo sphère (k = —1) yields to imaginary non- 
extremality parameter at critical point. In the second case one can obtain 2 = 1/2 which 
yields to the following critical value for the non-extremality parameter, 

^ = 2 i^ 2 + l kq+ T2 k2R2 - (13) 

Therefore, we success to obtain exact expression for horizon radius and calculate approximate 
values for the non-extremality parameter. In the next step we add higher derivative terms 
and give horizon radius, and try to obtain critical value of the non-extremality parameter. 



9 



2.4 Higher derivatives 

The higher derivative corrections to R-charged AdSs black holes studied originally for the 
black hole with three equal charges [63] where four-derivative corrections to the bosonic 
sector of five-dimensional M = 2 gauged supergravity considered. Then, the same problem 
in the STU model to linear order of the four derivative ternis constructed [30]. Now, we 
would like to extend this work to the case of three différent charges [42]. In that case the 
metric (1) reminds unchange but, 



a = *-£ + ^II< 1 + ;3)+*( 

i ^ 

3 

n = \h u 



V 2 IL + 



96r 6 rii(l + ^) 9i? 2 r 



■i 



i=l 



r 2 72r z {r z + qi) 2 

where c\ is the small constant parameter corresponding to the higher derivative ternis. In 
that case the modified horizon radius for the case of k = 1 is given by the following expression, 



+ 



+ c r 



576i? 2 (n î (l + ^))^(|E^-2r 2 /l )- J R 2 

Oh 

2(^(1 + ^)) è (¥Eft-3r \) + 3i2 2 



576 



(n î (l + ^)) f (|E^-2r 2 /l )-i? 2 



(15) 



where r h is the horizon radius without higher derivative corrections which is given by the 
équation (10). We should note that in order to obtain the expression (15) we removed \x by 
using fk = 0. The k = 1 solutions is more appropriate to studies of the thermodynamic and 
hydrodynamic régimes of the theory, and also have interesting application in the horizon 
structure of the small black holes. Just as previous subsection it is interesting to find a 
critical value /i c . By using ^ < 1 approximation we find that ail previous relations are 
valid just we find a différence in the c, so one can obtain, 

c^(^nf[qi-^f[qi(qi + ^}. (16) 

i=l i=l 

In that case the critical value \x c is root of the following équation, 

4c 2 /i 3 + R 2 n 2 + (4c 2 - 2)( qi q 2 + q 2 q 3 + qi q 3 )/2 + 4(c 2 - l)giç 2 g 3 = 0, (17) 
where we defined c 2 = ^giÇ2?3- It is clear that c\ = yields to the relation (12). 
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3 Thermo dynamics 



3.1 Quant ities 

In this section we are going to compute some thermodynamical quantities in the STU model 
with three différent black hole charges for the arbitrary spaces. The thermodynamics of the 
STU model has been studied for spécial cases [10, 38, 64, 65]. So, the main goal of this 
section is to generalize previous studies and review the thermodynamics of the STU black 
hole solution generally. Also, we recall spécial re-scaling where the metric (1) changes to the 
dual picture namely M = 4 SYM with finite chemical potential. 

According to the previous works the Hawking température of the black hole solution (1) will 
be as [62], 

rp a '_h '_h (18) 

There is also a chemical potential which is given by the following relation, 

0? = Qiirl + fc) \[(rl + Qj) + kj ■ (19) 

Also, the entropy density in d = 4 dimension is given by the following expressions for k ^ 
and k = respectively, 



AGk 2 R 3 



^3 {dVWkî) , (20) 



where G is Newton's constant and relates to the AdS curvature as G = tMi, where N is 
the number of colors. By combining relations (18) and (20) and relatio 
obtain the spécifie heat of the theory for k ^ and k = respectively, 



2ÏV2 ' 

t)s 
9T 



C r 



4 



4Gk 2 R 3 N ' 
nti(^ + ft)M 



Cv ~ AGI? N ' (21) 
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where we defined, 

i i i /j i i /j i 

- 2 Qi n qiT h - yi m i n * ' 

% i i^j i 

N = 2r\ 2 + 3J2qK° + Qj2q l qA+ (16Çg< + ÇJ>g?K 

i ij^j i j v£j 

+ eEï'II^ + fl^w^ 2 !]^ ( 22 ) 

For the case of q = one can obtain C v = T 3 . Above relations show that the three cases 
of k = —1,0,1 yield to the same thermodynamical quantities. Therefore, in the following 
we can neglect constant curvature A;. 

Another important thermodynamical quantity is the free energy of the theory, 



(23) 



up to C^lnr^). Importance of the free energy is its relation with the total energy and 
partition function, so by using the free energy (23) one can obtain, 

Arl + 3 £\ - 6(E, g' + 2 E, ^ - 2 wH + 2 % - 12 n, 
^ Î2S^ ' (24) 

and the partition function spécifies by using the relation F = — T ln Z. 

Now, we can discuss the above thermodynamical quantities for three différent cases of one, 

two, and three-charged black hole. 

(i) qi = q, q 2 = q3 = 0: In that case the spécifie heat (21) reduced to the following expres- 
sion, 

N 2 rj^ïTq)6ri + 7 q rl + 2 q 2 

2-kR 6 2rl + 3qr 4 h + 16q , K ' 

where the horizon radius in terms of the température obtained from the relation (18) as the 
following, 

r\ = -(-2g + 2tt 2 R a T 2 + 2 v / 2ç7r 2 J R 4 T 2 + n 4 R 8 T A ). (26) 
The free energy in this case vanishes, hence partition function derived as one (Z = 1), and 

2 

the total energy becomes E = Ts = ■^(2r 2 . + q). In the Fig. 3 we plot the spécifie heat in 
terms of the température (solid line of the Fig. 3). 
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(ii) qi = q 2 = q, q3 = 0: In that case the spécifie heat (21) reduced to the following expres- 



sion, 



N 2 (rl + q) 2r\ + 7qr\ + hq 2 r\ + q 3 r h 
2nR s 



(27) 



^ + 3gr 4 + 3q 2 rf l + 16g + q 3 

where = irR 2 T. The free energy, and hence partition function and total energy will be 
infinité in this case. It is important to note that the température of this situation is similar 
to the température of the zero-charge limit (q = 0), which is corresponding to the M = 4 
SYM plasma. In the Fig. 3 we plot the spécifie heat in terms of the température (dotted 
line of the Fig. 3). We find that the spécifie heat for the case of two-charge black hole (the 
case of ii) is larger than the case of one-charge black hole (the case of i). 
(iii) qi = q2 = q3 = q: In that case the spécifie heat (21) reduced to the following expres- 
sion, 



where, 



with, 



N 2 r 2 (r 2 + q)l 



Grj? + 21gr£ + 24q 2 rl + 6<fr£ - 6g 4 r£ - 3g 



2irR e 2r} 2 + 9çrf + 18q 2 r 8 h + (48g + 3ç 3 )r£ + 18q 4 r 4 h + 9q 5 r 2 + 2q & '' 



9q 2 + 47r 4 i? 8 T 4 2 . 2 
* + + 2it 2 R 4 T 2 



(28) 



(29) 



^ 3 = 8n 6 R 12 T 6 + 27q 2 ir 2 R 4 T 2 - 27g 3 + 3qnR 2 T^/l62q 3 + 21q 2 ix 2 R 4 T 2 + 48gvr 4 J R 8 T 4 . (30) 

In the Fig. 3 we give plot the spécifie heat in terms of the température (dashed line of the 
Fig. 3). 




Figure 3: Spécifie heat in terms of the température for g = 1. The solid line represents the 
case (i). The dotted line represents the case (ii). The dashed line represents the case (iii). 
We find that the value of the spécifie heat increases by number of the black hole charge. 
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We find that the spécifie heat for the case of three-charge black hole (the case of iii) is 
larger than the case of one-charge black hole (the case of i) and two-charge black hole (the 
case ii). 

Before end of this subsection it is interesting to recall that the domain of thermodynamical 
stability is given by inequality qi+q ? 2 +qa + SiSpi < 2. We will use this condition later. 

T 'h r h 

3.2 Dual picture 

As we mentioned already, the N = 2 AdSs supergravity solution (1) is dual to the M = 4 
SYM with finite chemical potential in Minkowski space. It can be shown by the following 
re-scaling [62], 

r ->> A^r, t ^ —, fi ->■ A/u, qi-> À^g», (31) 
A* 

and taking A — > 00 limit while, 

dnl ik -^-r(dx 2 + dy 2 + dz 2 ), (32) 
and also we set r$ = \iR 2 . Then, the solution (1) reduces to the following, 



ds 2 = e 2A ^ 



f dt 2 + n^dX 2 + ^dr 2 



ni f 



A 



r 



H = n( 1 + ^)' ( 33 ) 

i 

where the géométrie function A{r) defined as A(r) = ln-£, and r is the horizon radius in 
the M = 4 SYM theory. In that case the chemical potential conjugate to the physical charge 
for the U(l) R-charges is given by, 



/2 2 ^ + Qi y 11 r 2 

This is dual expression of the chemical potential which is given by the relation (19). For the 
spécial case of Çi = qi = q^ = q the Hawking température reads as, 

g + 1r\ 

TH ~ 2,RWq + rï ^ 
where the radius of the horizon (root of / = 0) is given by, 

2_ 1 



44 + q 2 - q . (36) 
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In that case one can rewrite the chemical potential (34) in terms of the black hole charge 
and horizon radius, 




2q 



q + r 2 h 



(37) 



Therefore the q = limit is equal to the zéro chemical potential limit. In that case the 
spécifie heat of the AdS^ black hole is important parameter to find the phase transition 
which obtained as the following relation, 



C v oc 



T 2 



rp2 



q 



(6c - 9q 



2cT 2 
f 2 -q 



12T 2 )e 3*=ï - 6T 2 



(38) 



where c plays rôle of a mass scale (relates to the dilaton field), and we defined T = 7tR 2 Th- 
It is clear that the case of q = recovers results of the Réf. [66]. In the c — y limit the sign 
of the spécifie heat is positive for q = 0, but in our case with q ^ the sign of the spécifie 
heat is dépends to the black hole charge. So, if T 2 > 1.5g then the charged black hole is in 
stable phase. In the Réf. [66] it is found that the spécifie heat changes the sign at T 2 ~ 0.75 
(for c and q = 0). In présence of the dilaton field (c^ 0), and in unit of c, one can find 
that the phase transition température from unstable to stable black hole increases for the 
case of charged black hole. For example, in the case of q = 1 we find unstab le/stable phase 
transition happen at T 2 ~ 2.4, so the charged black hole is in stable phase for T 2 > 2.4. 



3.3 Higher derivative correction 

The effect of the higher derivative corrections on the thermodynamical quantifies such as 
Hawking température and entropy for the case of k = and a black hole with three equal 
charges studied in the Réf. [63]. Here, we give extension to the case of arbitrary space 
curvature and three différent charges. In that case the Hawking température obtained as, 
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(39) 



where is given by the relation (15). Inserting /i from fk = into the relation (39) yields 
to the Hawking température in terms of horizon radius and charges of the black hole. In 
that case if we set k = and q% = q then solution (39) agrée with the resuit of the Réf. [63], 
ie, 

(li + r lh) 2 \ 2r lh-1 , ci(3ç 3 + 4ç 2 r 2 /l + 59ç^ 



T, 



q i= q,k=0 



ItxL 2 
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r 0/i 



Oh 



192i? 2 r \(2r \ - q) 



(40) 
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Also Ci = limit of the relation (39) reduced to the relation (18). The modifiée! entropy is 
obtained by using relations (14) and (20), so one can obtain, 



V^iV 2 TT 72r ; 6 + 21%r 4 + 216g 2 r 2 + 7g - cg - ^ 

S 17287ri?6yll (% + r2)2 ' l4iJ 

where is given by the relation (15). Then, the spécifie heat can be obtained by using 
C v = TJ^-(t^-) -1 . Numerically, we find that the spécifie heat enhanced due to the higher 
derivative ternis. 

In the next section we study some hydrodynamics aspects of the STU model and extract 
several interesting transport coefficients. 



4 Hydrodynamics 

4.1 Ratio of shear viscosity to entropy 

In this subsection we are going to study universality of the ratio of shear viscosity to entropy 
density, rj/s. As we know the shear viscosity (rj) is one of the important hydrodynamical 
quantifies of QGP which relates to the thermodynamical quantity, so-called entropy. In the 
previous section we obtained the entropy of the theory. Let us now review some important 
studies about the shear viscosity. The ratio of shear viscosity to entropy density of the 
strongly coupled M = 4 SYM thermal plasma investigated [5], and found that rj = |A 2 T 3 , 
where N is the number of coïncident branes. Also s = ^A^T 3 , therefore rj/s = 1/Att verified. 
Then, in the Réf. [6] argued that this value of rj/s always saturated for gauge théories at 
large 't Hooft coupling. The Réf. [7] showed that this value is a lower bound for a wide class 
of Systems, so rj/s > 1/Att. In that case in the Réf. [67] the leading correction to the shear 
viscosity in inverse powers of 't Hooft coupling using the a'-corrected low-energy effective 
action of type IIB string theory computed. In the Réf. [10] by using Kubo formula [66, 67] 
the shear viscosity in the SYM theory dual to the STU model computed for the case of flat 
space (k = 0). In the Refs. [9, 11] the viscosity of gauge theory plasma with a chemical 
potential obtained. They used the five-dimensional Reissner-Nordstorm AdS black hole, 
where the chemical potential is the one for the R-charges U(l) 3 . In the Refs. [12, 14] the 
effect of curvature squared corrections, such as Gauss-Bonnet, on the r//s bound computed 
and found that the conjectured lower bound of 1/47T is violated for finite N. Thèse works 
generalized to the case of Gauss-Bonnet in arbitrary higher dimensions [24, 25], and showing 
that rj/s reduced in thèse théories, but there is still a lower bound due to causality which 
may arise for the large Gauss-Bonnet coupling limit. Finite 't Hooft coupling corrections to 
the shear viscosity computed in the Réf. [13] and found that it disagrees with the equilibrium 
corrélation function computations. This disagreement resolved in the Réf. [15]. 
There are several ways to compute the shear viscosity such as the Kubo formula, which 
relates the shear viscosity to the corrélation function of the stress-energy tensor at zéro 
spatial momentum. In this paper we would like to use diffusion constant to extract the ratio 
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of shear viscosity to entropy density [5, 8]. In that case for a gênerai situation with given 
metric, ds 2 = gttdt 2 + g rr dr 2 + gxxdx 2 \ the diffusion constant becomes, 



D 



V-9(r h ) 



-gtt{r h )g rr (r h ) 



dr- 



-Qtt 9r 



g X xV-9 



(42) 



Then, we can use the following relations to investigate the universality of the ratio of shear 
viscosity to entropy density, 



V 



or 



H - 
D ' 

where p is given by the following équation 

P = 



TD, 



sT + fip, 



8tt 2 R 6 



'm 



Six 

^2)1 



(43) 
(44) 

(45) 



It is fact that both relations (43) and (44) yield to the same resuit. We should note that the 
relation (42) works in the fiât space only, therefore we should set k = in our calculations. 
In that case one can obtain, 

" = »^^>- < 46 > 

which shows that 77 /s = 1/Att is valid only for the case of fiât space. In order to discuss the 
shear viscosity we consider three différent cases of one, two and three-charged black holes. 
In the first case we assume qi = q, Ç2 = <?3 = 0. 




0.5 



1.5 



Figure 4: The graph of rj for the case of one-charged black hole 
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In that case we have, 



1 



1 + 



Th 



(47) 



where = | y —2 q + 2 \J q 2 + 8 /i. In the Fig. 4 we draw shear viscosity in ternis of 
the black hole charge. The Fig. 4 shows that the shear viscosity of the M = 2 plasma, 
dual of one-charged black hole, decreased by increasing the black hole charge. In that case 
thermodynamical stability let us to choose q < 1.6. So, the shear viscosity never vanishes. 
In the second case we assume q\ = q 2 = q, q3 = 0. In that case we have, 



7] 



IQttGR 3 



!& + -*-) 



(48) 



where = \J— q + \/2/x. We give plot of the shear viscosity as a function of black hole 
charge in the Fig. 5. 




Figure 5: The graph of rj for the case of two-charged black hole. 



According to the Fig. 5 the shear viscosity for two-charged black hole increased by charge 
at the interval < q < 0.8, and decreased by charge at the interval 0.8 < q < 1.4. But, 
thermodynamical stability tell us that allowed value of the black hole charge, in this case, is 
q < 0.4. Therefore the shear viscosity is completely increasing by q which is totally différent 
with the previous case. It is interesting resuit that the value of a parameter is dépend 
on the number of black hole charge. A black hole with odd number of black hole charge 
yields to decreasing function of q for shear viscosity, on the other hand, a black hole with 
even number of black hole charge yields to increasing function of q for shear viscosity. This 
assertion illustrated by studying three-charged black hole. We expect that three-charged 
black hole yields to decreasing function of q for shear viscosity. 
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In the last case we assume that black hole has three equal charges (gi 
that case we have, 



where, 



and we defined 



îeTrG^ 3 



-M 



rL/fl + -) 3 , 



2b -W 1 
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a, 

3 ' 
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b 

M 3 



(li = <?3 = <?)• In 
(49) 

(50) 



3q, 

3q 2 - 2fi, 

36ab - 108g 3 - 8a 3 

12 ^/l2b 3 - 3b 2 a 2 - 54baq 3 + 81g 6 + 12ç 3 a 3 , 



(51) 
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Figure 6: The graph of r\ for the case of three-charged black hole. 



We give plot of the shear viscosity (49) as a function of black hole charge in the Fig. 6. 
The Fig. 6 shows that the shear viscosity for the case of three-charged black hole decreased 
by q. We see in the Fig. 6 that the shear viscosity goes to infinity for q ~ 0.8, but 
thermodynamical stability tell us that q has lower value than 0.8, so the shear viscosity has 
finite value. 

We conclude that the shear viscosity is strongly dépend on the black hole charges. The shear 
viscosity decreased by the black hole charge in the case of one-charged and three-charged 
black hole, but increased in the cases of two-charged black hole. However the ratio of the 
shear viscosity to entropy density has universal value. 
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4.2 Conductivity 



Now, we would like to use results of the Réf. [59] to obtain the thermal and electrical 
conductivity. In the Réf. [59] it is found that the conductivities for gauge théories dual to 
R-charge black hole in 4, 5 and 7 dimensions behaves in a universal manner. According to 
[59] one can obtain, 

(52) 



a H = r h R 2 ([[(l + ^)) 



And thermal conductivity is obtained as the following expression, 



) rj-t 



(53) 



where the energy density e, pressure P and density of physical charge are defined as [68], 



3N 2 r 



2^,4 



8rr 2 R s 



(54) 



p 



N 2 rj 
8n 2 R 8 



(55) 



where N 2 = 87r 2 i? 3 and we used 87rG =1. In the Fig. 7 we draw graph of k>t i n terms 
of the température for the simplest case of qi = q, q2 = q% = 0. It shows that the thermal 
conductivity vanishes at T œ 28 MeV for the large black hole charge and T ?» 0.9 MeV for 
the small black hole charge. It means that the thermal conductivity decrease with the black 
hole charge. 
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Figure 7: The graph of kt for the one charged black hole with q = 10 6 and \x = 0.5. 
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4.3 Higher derivative correction 



If one include the higher derivative terms in STU model, then the value of rj/s increased 
which is agrée with the results of Réf. [31]. In order to obtain effect of higher derivative 
terms exactly, we focus on the spécial case of one-charged black hole. To the first order of 
higher derivative correction the shear viscosity to entropy ratio takes the following form [31], 

rj 1 f A Ail 



l + 4d(^-2) , (56) 



where r h obtained by the relation (15) for the spécial case of qi = q, q 2 = (fe = 0, and 

(57) 




' Oh ~ 

obtained by the équation (10). In the Fig. 8 we give plots of rj/s for spécial case of one- 
charged black holes. It shows that the higher derivative terms increases the value of rj/s, so 
there is no condition for choosing small black hole charge. As expected the c\ = limit of 
the rj/s coincides with the results of subsection 4.1. The left side of Fig. 8 shows that the 
first order of the higher derivative terms increases the value of rj/s for q 2 /r\ > 2. On the 
other hand the right side of Fig. 8 tells that for the fixed c\ the black hole charge increased 
the value of the rj/s. 




Figure 8: The graphs of rj/s for the case of one-charged black hole by choosing ii = 0.5 
and R = 0.5, in terms of (left) higher derivative parameter for q = 1 and (right) black hole 
charge for c\ = 0.0001. 



The extension of the relations (52) and (53) to include the higher derivative terms is more 
complicated. Therefore, just we draw graph of the thermal conductivity in terms of the higher 
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derivative parameter c\ (the left plot of the Fig. 9), and in ternis of the température (the 
right plot of the Fig. 9). Thèse figures tell us that the large value of the higher derivative 
parameter yields to the négative thermal conductivity, which is not acceptable. For example 
in the case of T = 250 MeV one can obtain c\ < 0.6. In that case for the case of c\ = 0.3 
the thermal conductivity become négative for T > 450 MeV. 




Figure 9: The graphs of kr for the higher derivative correction by choosing À = y/2/2, 
fi = 0.5. Left: Thermal conductivity in terms of c\ for T = 250 MeV. Right: Thermal 
conductivity in terms of T for c\ = 0.3 



5 Drag force 

Study of drag force on a moving heavy quark through a thermal plasma is interesting point 
to understand physics of charm and bottom quark at RHIC [70] . It is known that a moving 
quark in the M = 2 thermal plasma corresponds to the stretched string from r = r m on 
the D-brane to the black hole horizon. So, calculating the energy loss of a heavy quark or 
drag force on the moving quark reduce to find components of momentum density along the 
string. The open string is described by the Nambu-Goto action, 



S = — T / drda 



-g, 



(58) 



where To is the string tension. The coordinates r and a are corresponding to the string 
world-sheet. Also, g is déterminant of the world-sheet metric g^. We assume that the string 
moves along x direction and use static gauge, where r = t and a = r. Therefore, the string 
world-sheet is described by x(r,t), so in order to write lagrangian density we use the metric 
(1) and find, 
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(59) 
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where dot and prime dénote t and r derivatives respectively. By using Euler-Lagrange 
équation one can obtain the string équation of motion as the following expression, 



d , f k r 2 



-x 



-g 




(60) 



where y/— g is given by square of the relation (59). In order to obtain the total energy and 
momentum, drag force or energy loss of particle in the thermal plasma, we have to calculate 
the canonical momentum densities. In that case one can obtain the following expressions, 
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(61) 



Corresponding to the single quark, in CFT side, we have an open string in AdS space which 
stretched from r = r m on D-brane to r = at the horizon. In that case the total energy 
and momentum of string are obtained by the following intégrais, 



E 



ri-, 



nldr. 



(62) 
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In this section we would like to obtain drag force for single quark and also quark-anti quark 
configurations. Also we discuss quasinormal modes of the single quark solution. In that case 
we consider effects of adding B-field and higher derivative terms. Now we ready to obtain 
drag force for the single quark solution. 



5.1 Single quark solution 

There is the simplest solution for the équation of motion (60), namely x = xq, where xq is a 
constant and the string stretched straightforwardly from D-brane at r = r m to the horizon at 
r = Th. It means that in the dual picture there is a static quark in the thermal plasma. For 
such configuration one can obtain —g = [Hi^H^s and 7r° = 7r° = n] = ni = 0. It tells 
us that the drag force is zéro, as it expected for the static quark. Only non-zero components 
of momentum densities are ni = 7if = — îo[f|^ =1 ( 
obtained as, 



)] e , so total energy of the string is 
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(63) 



where we assume that the black hole charges Çj are small. In zéro température limit one can 
interpret E as the rest mass of the quark, which is obtained by the following expression, 
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(64) 
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In STU model there is non-extremal black hole which is described by non-extremality pa- 
rameter /x, but in the J\f — 4 SYM theory there is near-extremal black hole. So, if we take 
fi —7- (q —7- 0) limit, we have near-extremal black hole, then the total energy of string 
obtained as E = T (r m — r^), so, the zéro température is equal r/j = and the physical mass 
of quark (rest mass) becomes M rest = T r m . 

Now, we are going to consider most physical time-dependent solution of moving heavy quark 
through the thermal M = 2 plasma which is dual picture of a curved string described by 
x(r, t) = x(r) +vt, where v is the constant velocity of the single quark. In that case by using 
équation of motion (60) one can find, 



-x 



C, 



(65) 



where C is an intégration constant and 

1 



-g is obtained in the following équation, 
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(66) 



Solving the équation (65) for x' yields, 
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By using thèse results in the canonical momentum densities (61) we find, 



(67) 
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-T Cv, 
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(68) 



Thèse expressions exactly coincide with those obtained in the M — 4 SYM theory [44] . Thèse 
expressions construct the rate of energy and momentum along the open string, 
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(69) 



Différence of our resuit with the TV = 4 SYM theory is the constant C. In order to find 
C we use reality condition for x' 2 and y/— g. This condition tell us that x 12 and y/— g have 
real value along the length of the string. Therefore, we should find appropriate r, where 
nominator and denominator of the relation (67) become positive. For the small velocity we 
know that fR 2 — %r 2 v 2 has a zéro at r = r c > r^. We set this root in the denominator of 
the relation (67) and fix the constant C as the following, 
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Figure 10: The graphs of the drag force for q 1 = q, q 2 = q% = and the small velocity 
limit. We set a' = 0.5, À = Gir and \i = 1. The solid, dotted, dashed and dash dotted lines 
correspond to v — 0.3, 0.5, 0.7 and 0.9 respectively. Thèse show that by increasing velocity, 
the drag force increases. Left: drag force in ternis of the température for q = 1. Right: drag 
force in ternis of the black hole charge for T = 300 MeV. It tell us that the black hole charge 
increases the value of the drag force. 



where, 
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(71) 



It is important to note that this resuit is independent of curvature parameter k, however we 
should set k = 1 in the relation (2) to have AdS^ x S 5 space. Combining the relations (69), 
(70) and (71) give us expression of the drag force which may be written as, 
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Indeed the équation (72) is the momentum current into the horizon. Here, we have field 
theory interprétation of our system. One can image a single quark moving in a constant 
external field with strength e = — tt^. This external field keeps the curved string moving at 
the constant speed v. We know that electromagnetic field lives on a D-brane on which this 
dragging string ends. The e changes the boundary conditions for the string. Usually, the 
string should satisfy Dirichlet boundary conditions orthogonal to the D-brane and Neumann 
boundary conditions parallel with the D-brane. In the présence of e, the Neumann boundary 
conditions can be altered. 
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Figure 11: The graphs of the drag force for q 1 = q 2 = q, q-3 = and the small velocity 
limit. We set a' = 0.5, À = 6ir and fj, — 1. The solid, dotted, dashed and dash dotted lines 
correspond to v = 0.3, 0.5, 0.7 and 0.9 respectively. Thèse show that by increasing velocity, 
the drag force increases. Left: drag force in ternis of the température for q = 1. Right: drag 
force in ternis of the black hole charge for T = 300 MeV. It tell us that the black hole charge 
increases the value of the drag force. 



Also by using the relations ni = —(mv and, 

D q = (73) 
Cm 

one can obtain diffusion coefficient (D q ) of the quark. We try to discuss drag force and 
diffusion coefficient of the quark for three cases of one, two and three charged black holes. 
First, we assume q± = q, q 2 = q% = 0, so the horizon radius is given by the relation (26) and 
thermodynamical stability let us to choose q < 6 x 10 6 . In this case we draw plots of the 
drag force in terms of the température and the black hole charge in the Fig. 10. In that case 
diffusion coefficient of the quark obtained as the following expression, 

D = 2rl + q (74) 
q 2^(1 + ^)1' 

h 

So, for the q — > limit we have D a = —, which means that diffusion coefficient of the 
quark found proportional to inverse of the température. 

Second, we assume q\ = q 2 = q, qz = 0, so the horizon radius is obtained from the relation 
(18) as rh = ttR 2 T and thermodynamical stability let us to choose q < 4 x 10 6 . In this case 
we draw plots of the drag force in terms of the température and the black hole charge in the 
Fig. 11. 
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Figure 12: The graphs of the drag force for g! = ç 2 = <?3 = <7 and the small velocity limit. We 
set a' = 0.5, À = 6tt and /i = 1. The solid, dotted, dashed and dash dotted lines correspond 
to v = 0.3,0.5,0.7 and 0.9 respectively. Thèse show that by increasing velocity, the drag 
force increases. Left: drag force in ternis of the température for q = 1. Right: drag force 
in ternis of the black hole charge for T = 300 MeV. It tell us that the black hole charge 
increases the value of the drag force. 



In that case diffusion coefficient of the quark obtained as the following expression, 

So, for the q — > limit we have D q = It means that diffusion coefficient of the quark 
found proportional of inverse of the température, which is expected. 

Finally, we assume q% = g 2 = <?3 — Q-, so the horizon radius is given by the relation (29) and 
thermodynamical stability let us to choose q < 15 x 10 6 . In this case we draw plots of the 
drag force in terms of the température and the black hole charge in the Fig. 12. We found 
that the black hole charge increases the value of drag force. In that case diffusion coefficient 
of the quark obtained as the following expression, 

2 + ^-4 

D q = ^ Jl t- (76) 

27rr fc l + £i 

'h 

Similar to the previous cases, for the q — > limit, we have D q = —, which means that 
diffusion coefficient of the quark found proportional to inverse of the température. 
As one can find from the Figs. 10-12 the behavior of the drag force for small black hole 
charge approximately are the same. So, in order to see différence of three cases we need 
to consider large black hole charges. In that case it is interesting to compare above three 



27 



1.2 x 10' 



1.4 x 10 f 



1.6 x 10' 



4X10 5 -. 



6x 10 5 - 



8 x 10 5 - 



1 x 10 6 - 



fi - 



fi - 



fi - 




2x itf - 



300 



400 



500 



600 



T 



Figure 13: The graphs of the drag force in ternis of the température for v = 0.5, fi = 1, 
a' = 0.5 and À = 6ir. Space dashed line drawn for the case of q = 0. Dotted line drawn 
for the case of one charged black ho le with q = 10 6 . Dashed line drawn for the case of Two 
charged black hole with q = 10 6 . Solid line drawn for the case of three charged black hole 
with q = 10 6 . 



différent configurations with each other and also with the case of q = limit. It is easy 
to check that q — y limit of the relation (72) reduced to the drag force of M = 4 SYM 
theory [44]. Therefore, in the Fig. 13 we draw graph of the drag force corresponding to four 
différent situations. We found that the black hole charge increases the value of drag force. 

5.2 Quasi- normal modes 

In this subsection we consider small perturbations of a straight string which stretched from 
r — r m to r = rh in STU background with three non-zero charges. The quasi-normal modes 
give us information about the equilibrium state of the string after small perturbations. This 
allows us to obtain the friction coefficient £ in the non-relativistic régime of the quark. In 
that case we consider the static quark in the M = 2 supergravity thermal plasma without 
any external fields. Indeed, we want to study the behavior of the string at the t — y oo and 
low velocity limits. The small fluctuations around the straight string means that x 2 and 
x' 2 are small, so one can neglect them in the expression (66). Then, under assumption of 
time- dépendent solution of the form x(r, t) = x(r)e~^, équation of motion reduces to the 
following relation, 



r 




(77) 
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In order to obtain friction coefficient, we assume that ( is small, so one can use the following 
expansion, 

x = x + Çxi + ( 2 x 2 + ■■■ . (78) 
Also, by applying Neumann boundary condition we find, 

x'{r m ) = (X( r m) + C 2 x' 2 (r m ) 



0. 



(79) 



We should substitute the above relations to the équation (77) and compare appropriate 
coefficients, in that case the leading order yields to xq = A, where A is a constant. Therefore, 
by using Neumann boundary condition and relation (79) one can obtain a quasinormal mode 
condition on ( as the following, 



C 



r m R 2 



h J 



50) 



Again, we may use this resuit to obtain drag force. In the large r m limit which corresponds 
to the heavy quark, from the relation (64), one can obtain M rest = T r m . Also, we know 
that P = —(M rest v. Therefor we find, 
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We see that the relation (81) exactly coincide with the relation (72) which obtained for a 
slowly moving heavy quark. 

Now, we can use thèse results to obtain the total energy and momentum of the string. 
By using the équation of motion (77), time dépendent solution of the form x = —(x, and 
momentum densities (61) one can obtain, 
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Using Neumann boundary condition together the total momentum intégral (62) yields to 
the following resuit, 
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where we insert r min > as lower limit of intégral to avoid divergency. The reason is that 
the quasi-normal modes diverge close to the horizon. In addition they are rapidly oscillating. 
So, quantifies like x(rh) and x'(r^) are not well defined right at r = r^. In order to regulate 
thèse divergences we cut-off the intégrais at a finite r min . 

In order to obtain the total energy we keep second order of velocities and expand a/— g, then 
similar to the calculation of momentum one can find, 
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Then, by using the équation of motion and Neumann boundary condition we get, 
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According to the relation (64) one can interpret the intégral of the right hand side of the 
équation (85) as rest mass of quark. So, combining the relations (83) and (85) yield to the 
relation between the energy and momentum as, 



E = M rest + 



2 Mkin 

where the kinetic mass defined as the following expression, 



(86) 
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It is interesting to note that the équation (86) is valid for every théories such as M = 4 SYM 
theory and Af = 2 gauged supergravity. 



5.3 Effect of the constant electromagnetic field 

In the previous sections the moving heavy quark through the M = 2 plasma considered 
without any external field. In this section we would like to introduce a constant elec- 
tromagnetic field on the brane which affects on the motion of heavy quark. In the de- 
scription of the AdS/CFT correspondence the endpoint of both fundamental and Dirichlet 
strings under influence of non-zero NS NS B-field background corresponds to the moving 
quark with a constant electromagnetic field. We assume that the constant electromagnetic 
field is along x 1 and x 2 directions. Therefore, we add a constant .B-field in the form of 
B = Boidt A dx\ + Byidx\ A dx2 to the line élément (1), where Bq\ is the constant electric 
field and B\ 2 is the constant magnetic field. Also B m and Byi are antisymmetric fields and 
other components of the -B-field are zéro. We must note that the same work was done orig- 
inally for A/"=4 SYM theory [71]. 

Because of introducing Bqi and B^, the curved string dual to the heavy quark may be 
described by the xi(r, t) = x\{r) + fit, X2(r, t) = X2{r) + t> 2 t and x^(r, t) = 0. Therefore, the 
square root of lagrangian density (59) takes the following form, 



where v = (^1,^2) is the vector of velocity and x' = (x^x^) is the projected directions of 
string tail. 

We consider three cases, first, we assume that only electric field is exist and 5 12 = 0, and 
second, we have non-zero magnetic field and there is B m = 0, and finally we discuss about 
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the case where v^B m . 

In order to study the effect of constant electric field we set B i2 = and choose X\ as the 
moving direction of the quark, so we have V\ = v, v 2 = V3 = 0, Xi(r,t) = x(r) + vt and 
X2(r,t) = 2:3(7", t) = 0. Therefore, the équation (88) reduced to the following relation, 
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Therefore, comparing the relations (65) and (89) yields to the following expression, 
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It means that r c is given by the relation (71), but the constant C modified as the following, 

(91) 
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It yields us to the expression of drag force, 
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It is clear that B m — > limit of the équation (92) reduces to the équation (72). Also, we find 
that the effect of the constant electric field is decreasing the drag force, so this resuit agrée 
with the resuit of the Réf. [71]. It is also interesting to write the linearized expression for 
small electric field of the relation (92). In that case the correction ternis are of even powers 
of Bqi, which is natural characteristic of the Nambu-Goto action. 

In the second case we consider only constant magnetic field B\ 2 . In that case one can choose 
Xi(r, t) = Xi(r) +vt, x 2 (r, t) = x 2 {r) and x 3 (r, t) = 0. Under thèse assumptions one can find, 
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v 2 B\ 2 and set 



ir x .. Now, reality condition implies that 



ir X2 = 0, and therefore we yield to the expression (72). It tell us that there is no drag force 
in x 2 direction and therefore the constant magnetic field have no effect on the motion along 
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x l direction. Actually vanishing of ir X2 is conséquence of vanishing of v 2 . According to thèse 
two cases, (electric and magnetic fields), we found that the constant magnetic field have no 
effect on the motion of string and it is appropriate electric field which keeps the string at 
constant speed v. 

Finally, we consider the case of v-LBqi. It means that one may choose the solutions of 
équation of motion as, Xi(r,t) = £i(r), x 2 (r, t) = x 2 (r) + vt and x 3 (r, t) = 0. A possible drag 
force may be found as the following relation, 



Jky h > h ; - v 2 B 2 2 + 0(v 2 ), (94) 

rL(i + |)] ïï 

and P\ = 0. In this case the constant electric field has no effect on drag force. It should 
be mentioned that this situation is not our interesting case which considered in this paper. 
The magnetic field on the brane has équivalent interprétation as the following. One can 
consider a moving heavy quark in the non-commutative plane. Both cases (ordinary theory 
with i?-field and non-commutative theory without -B-field) yield to similar resuit, which is 
decreasing the drag force or equivalently decreasing the effective viscosity of QGP. In the 
next step, without any external fields, we try to obtain effect of higher derivative terms on 
the drag force. 



HT ~ ~ T \ 
\ 



5.4 Higher derivative correction 

Already we studied the effect of higher derivative correction on shear viscosity and conduc- 
tivities of QGP. Now, we are ready to consider higher derivative effect on the drag force. By 
using the solution (14) one can obtain, 
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where is given by the relation (15), and we used, 
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with fk and "H are given by the relation (14), and prime dénotes derivative with respect to 
r. As expected, the c± = limit of the =rr coincides with the results of subsection 5.1. 

In that case we draw figure of the drag force in terms of the higher derivative parameter 
(see Fig. 14) and find that for c\ < 1.5 x 10~ 28 the effect of the higher derivative terms is to 
decrease the drag force, then for c\ > 1.5 x 1CT 28 the value of the drag force increases. So, if 
we set ci ~ 1.5 x 1CT 28 drag force vanishes, also c\ — and c\ ~ 3 x 10~ 28 yields to similar 
value of the drag force. Therefore, in order to obtain larger drag force than c\ — case we 
should set c\ > 3 x 10~ 28 . This situation is similar for the three cases of one, two and three 
charged black holes. 
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Figure 14: The graph of the drag force in terms of the higher derivative parameter for 
v = 0.5, [i=l, a! = 0.5, À = 6vr, T = 300 MeV and q = 1. 



5.5 Quark-anti quark solution 

Now, we consider a moving quark- antiquark pair which may be interpreted as a meson. 
Indeed there is a moving meson with the constant speed v in the M = 2 supergravity 
thermal plasma. Already the energy of a moving quark-antiquark pair in M = 4 SYM plasma 
calculated [72] . Now, we would like to repeat same calculations in the STU background. The 
quark-antiquark pair in the thermal QGP corresponds to an open string in AdS*, space with 
two endpoints on the D-brane in the (X, Y) plan. Two end points of string on the D-brane 
represent quark and antiquark which separated from each other by a constant l. We assume 
that at the t = string is straight and two endpoints of string move with the constant 
velocity v along the X direction. The dynamics of such configuration discussed in détail in 
the Réf. [72] for the M = 4 SYM plasma. Here, for the M = 2 supergravity thermal plasma 
one can obtain, 
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where and n are given by the relation (2). The équations of motion of x and y are given 
by the following équations, respectively, 
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then momentum densities obtained by the following équation, 
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There are two interesting motion for the meson. The first one is the moving quark-antiquark 
pair with constant speed v. The second case is rotational motion of the quark-antiquark 
pair. 

The first System may be described by the x(r,t) = vt + x(r) and y(r,t) = y(r). Thèse 
solutions satisfy boundary conditions as x(oo,t) = vt and y(oo) = ±1/2. In this case 
équation (99) reduces to the following expression, 
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where, 
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In order to obtain drag force, we calculate and 7r* components and solve them for x' and 
y' respectively and obtain, 
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As before, by using reality condition one can obtain, 
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where r miîl is turning point of string. One can check easily that r min > r c (r c is critical radius 
which introduced in the subsection 5.1, but r min differs from UV eut off which introduced 
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in the relation (83) ). If 7r* = 0, then r min = r c and above solutions are similar to single 
quark solution (1 = 0). Here, in order the string hâve a chance of turning around smoothly, 
it requires that || = |j = oo at r min [72]. So, it is necessary to have tx\ = 0. Therefore, one 
can find drag force as, 

tt 1 - — r ■ U\(r \J J k ( rmin ) r min v2 /-.r,^ 

y ~ R mmU [ mm) ^ H(r min ) ■ [m 

In the second case we add a rotational motion with angular velocity 9 to the motion of 
meson. Therefore, the string may be described by the x(r,t) = vt + x(r) sind and y(r,t) = 
y(r) cosd. So, Fig. 15 shows the configuration of rotating string. As we can see, 9(t) is an 
angle with Y axis. Thèse solutions satisfy boundary conditions x(oo,t) = vt ± |sin^ and 
y(oo,t) = ±|cos#, where for 9 = reduce to the boundary condition without rotational 
motion. Also there is another condition due to our conjecture, |y = cot 9, which reduces to 
^7 — > oo at the 9^-0 limit, which is agrée with the first case. 

Thèse boundary conditions can also satisfy with two separated string which move at 
velocity v along X axis and simultaneously swing a circle with radius 1/2. Specifying thèse 
boundary conditions doesn't lead to a unique solution for équation of motion, so we should 
specify additional conditions for this motion. Here, we assume that the string is initially 
upright, move at velocity v and rotâtes around its center of mass. 

Now, by using above solutions in the équation (99) and solving resulting équations with 
respect to x' and y' one can obtain following équations, 

Ax' 2 + By' 2 + Cx'y' + D = 0, 
A'x' 2 + B'y' 2 + C'x'y' + D' = 0, (105) 
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Figure 15: A rotating D - shape string dual to a qq pair which can be interprétée! as a 
meson. the points A and B represent quark and antiquark with separating length l. The 
radial coordinate r varies from (black hole horizon radius) to r = r rn on D-brane. r c is a 
critical radius, obtained for single quark solution, which the string can't penetrate beyond it 
and r m i n > r c . r m i n = r c is satisfied if points A and B located at origin (/ = 0), in that case 
there is the straight string which is dual picture of the single static quark. 9 is assumed to 
be the angle with Y axis and the string center of mass moves along X axis with velocity v. 
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where we set = 1Z. We must note that the variable C in équations (105) and (106) is 
différent with intégration constant in équation (65) hence subsections 5.1 and 5.3. Therefore, 
from équations (105) one can obtain, 
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Here, if the rotational motion vanishes (6 = 0), from équations (104) one can see that 
coefficients of x'y' vanish [C = C = 0) and our solutions recover the motion of quark- 
antiquark pair without rotation. In order to obtain drag force we use reality condition and 

l2 

find a relation between variable (106) as ^ = ^ = ^ = ^ = ~ti- Then one can find 

two équations as, C 2 — 4AB = and C — 4A'B' = 0. Thèse équations specify ~k\ and ^ 
respectively. After some calculations and simplifications we find, 
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where lZ m i n = 1 - B ^ L and r min is the turning point. The direct conséquence of rotational 
motion is that drag force is no longer constant. From équation (108) one can see that the 
momentum densities of string vary with respect to x(r) and y(r). 

But, this resuit is not appropriate description of a meson. According to previous works [71, 
72] the qq pair should be close enough together and not moving too quickly. The présence 
of fonctions x(r) and y(r) in relations (110) is conséquence of relativistic motion, which is 
not acceptable. On the other hand, because of non-vanishing drag forces, it is expected 
that the velocity of a qq pair decreases. So, we consider a moving heavy qq pair with non- 
relativistic speed, which rotâtes by angel 9 = ut around the center of mass. Indeed this 
situation is corresponding to motion of the heavy meson with large spin. Actually, in the 
very large angular momentum limit, a classical approximation is reliable. In this case, the 
angular velocity of the string is very small. Therefore, we are going to discuss the case of 
non- relativistic motion (6 —> and 9v — > 0). In that case ç = c = d = and we have, 

^ = £>2 "^0 fk{ r min)H *{ r min)i 

Now, we assume that v 2 — y and angular velocity is infinitésimal constant (9 — ou <§C 1), 
and the quark-antiquark pair rotâtes around origin. In that case we neglect eu 4 terms and 
obtain values of momentum densities as the following, 
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In order to obtain non-zero components of momentum densities (111) and (112) we should 
use négative sign in the relations (108). Therefore, correct sign in the équations (108) is 
minus sign, and we yield to constant drag forces as expected for the non-relativistic motion. 
In order to extend this work one may consider more quarks, such as four quarks in the baryon 
[63] through the thermal plasma. 
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6 Jet-quenching parameter 



One of the interesting properties of the strongly-coupled plasma at RHIC is the jet quench- 
ing of partons produced with high transverse momentum. This parameter controls the 
description of relativistic partons and it is possible to employ the gauge/gravity duality and 
détermine this quantity in the finite température gauge théories. In order to obtain the 
jet-quenching parameter one needs to rewrite the metric (1) in the light-cone coordinates. 
Therefore, one can introduce light-cone coordinates x ± = and rewrite the metric (1) in 
the following form, 

ds 2 = J(^-4)((^+) 2 +(^-) 2 )-(^+^)^- 

2 R 2 %ï R 2 Us 
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+ m — {dxl + dxl) + — . (ii3) 



We begin with the gênerai relation for the jet-quenching parameter [51], 

q = 8V2j^, (114) 

where Si = S — Sç, (S dénotes qq pair action and Sq dénotes the action of isolated q and 
q). It means that the jet-quenching parameter is proportional to energy of the string, so we 
expect that this quantity will be opposite of the drag force which is indeed energy loss of the 
string. Therefore, calculation of the jet-quenching parameter reduces to obtain actions S 
and Sq. One can image the situation with an open string whose endpoints lie on the brane. 
In the light-cone coordinates, the string may be described by r(r, a). We use the static 
gauge where r = x~ and o = x 2 = y, and ail other coordinates considered as constants. In 
that case — |f < y < -|, and L~ < x~ < 0, and because of L~ ^> L one can assume that the 
world-sheet is invariant along the x~ direction. Therefore, the string may described by the 
function r(y), so the boundary condition is r(±^) = oo. In this configuration, the induced 
metric on the string world-sheet obtained as the following, 

29 = ( ^-^ï )( ÏP + Â ) - (U5) 

Since équation (115) is dépendent of coordinate x~ , one can integrate over x~ and then the 
Nambu-Goto action is given by, 
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One can remove the r' by using the équation of motion. In that case, since the lagrangian 
density is time-dependent, one can write, 
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or 
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Therefore, the following relation is obtained, 
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Equation (118) lias two important pôles where r' = 0. The main pôle exist at the horizon. 
So, it is clear that the équation (118) has a zéro at the horizon where f k = 0. In this case 
the string cornes from infinity (r(L/2) = oo) and touches the horizon and returns to infinity 
(r(— L/2) = oo). The second pôle of équation (118) obtained by the following relation, 
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In the Réf. [75] found that the string world sheet has one end at a Wilson line at the boundary 
with Im[t] = 0, and the other end at a Wilson line the boundary with Im[t] = —ie. The 
only way that the string world-sheet linking thèse two Wilson lines can meet is if the string 
world-sheet hangs down to the horizon. Therefore, the only physical situation is the first 
case where the string touches the horizon. Also in our case, drawing the r' 2 in terms of r 
tells that the turning point of string should be r h . 

By using équation (118) in (116), and also the new définition of B = 1/E 2 , one can rewrite 
the Nambu-Goto action in the following form, 
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For the low energy limit (E — y 0) we expand équation (120) to leading order in 1/B. This 
is reasonable since the détermination of q demands the study of the small séparation limit 
of L. Then at the first order of 1/B one can obtain, 
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Now, one can extract action Sq which can be interpreted as the self-energy of the isolated 
quark and the isolated antiquark. In that case by using the resuit of the Réf. [56] one can 
obtain, 
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Therefore, we can extract Sj as the following 
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On the other hand, one can integrate équation (118) and obtain the following relation for 
infinitésimal 1/B, 

t r°° i 

- = R 2 dr (124) 



Therefore, by using relations (115), (123) and (124) we can specify the jet-quenching as the 
following, 

(125, 



where, 



I(q) = R 2 dr (126) 

Jr h //-wIr-2 f , \ n A 



In order to obtain the explicit expression of the jet-quenching parameter we set k = 1 and 
consider three spécial cases of one, two and three charged black hole. 



6.1 One-charged black hole 

One-charged black hole means that Çi = q, q 2 = q$ = 0. So, the intégral (126) reduces to the 
following expression, 

r°° I (i + -2-)è 
I( qi ) = R A \ — / ^ — -dr, (127) 

where r/j is given by the relation (26). In order to compare our resuit with M = 4 SYM case 
we should use re-scaling (31), in that case it is easy to check that our results are agrée with 
the case of M = 4 SYM plasma. We show this point later for the case of three-charged black 
hole. 

Numerically, we draw the curves of the jet-quenching parameter in terms of the black hole 
charge and the température in Fig. 16 and Fig. 17 respectively. Thèse figures show that 
the jet-quenching parameter of the M = 2 theory is larger than the jet-quenching parameter 
of the M = 4 theory. For example by choosing R 2 = a'\/X, a' = 0.5, À = 6ir, q = 10 6 
and T = 300 MeV one can obtain, q = 42 GeV 2 / fm. In that case the thermodynamical 
stability lets us choose q ~ xlO 6 for T = 300MeV. On the other hand, for the small black 
hole charge, by taking a' = 0.5 and A = 67r one can obtain q = 37.5 GeV 2 / fm. It means 
that the black hole charge increases the jet-quenching parameter. In order to obtain q = 5 
GeV 2 / fm the corresponding température of the QGP is 155MeV, which is smaller than 
expected [76]. 
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Figure 16: Plot of the jet-quenching parameter in terms of the black hole charge. We fixed 
our parameters as a! = 0.5, À = 6ir, and T = 300 MeV. The solid line represents the case of 
çi = Q, 92 = 93 = 0. The dotted line represents the case of q± = q<i = q, qs = 0. The dashed 
line represents the case of q\ = q<i = q^ = q. It show that increasing the number of black 
hole charges increases the value of the jet-quenching parameter. 

6.2 Two-charged black hole 

Two-charged black hole means that q\ = q 2 = g, q% = 0. So, the intégral (126) reduces to 
the following expression, 

r°° I (1 + q )î 

'M - j n v sssw^ èi (128) 

where = ttR 2 T, and we defined, 

p = ((R 2 - l)r 4 + (2qR 2 - R 2 - q)r 2 + R 2 q 2 + fiR 2 - q 2 ). (129) 

Numerically, we draw curves of the jet-quenching parameter in terms of the black hole charge 
and the température in the Fig. 16 and Fig. 17 respectively. Thèse plots show that the 
jet-quenching parameter of the M = 2 theory is larger than the jet-quenching parameter of 
the M = 4 theory. Also, we find that the jet-quenching parameter of the two-charged black 
hole is larger than the jet-quenching parameter of the one-charge black hole. For example 
by choosing R 2 = a'y/X, a' = 0.5, À = Qir, q = 10 6 and T = 300 MeV one can obtain 
q = 49 GeV 2 / fm. In that case the thermodynamical stability lets us choose q ~ xlO 6 for 
T = 300Me^. If we consider small value of the black hole charge then find the same value 
of the jet-quenching parameter as the previous case, and this point is illustrated in Fig. 17. 
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Figure 17: Plot of the jet-quenching parameter in terms of the température for small black 
hole charge. We fixed the parameters as a! = 0.5, À = 6tt. In that case three différent cases 
of one, two, and three-charged black hole have similar behavior. 



Therefore, in order to obtain q = 5 GeV 2 / fm, the corresponding température of the QGP 
is 155 M eV for small black hole charge. 

6.3 Three-charged black hole 

Three-charged black hole means that qi = q<i = q% = q. As we know, this configuration of 
STU model is identical to the Reissner-Nordstrom-AdS^ black hole [77]. In that case the 
intégral (126) reduces to the following expression, 




JfoiAs) - R 4 J rh y e{r e + (jR3 + 3 jj + (3$ - fi&y + X r ' (130) 

where we defined, 

g = ((R 2 - l)r 6 + (3qR 2 - R 2 - 3ç)r 4 + (3R 2 q 2 + fiR 2 - 3q 2 )r 2 + (R 2 - l)ç 3 ), (131) 

and Th is given by the relation (29). Numerically, we give plots of the jet-quenching parameter 
in terms of the black hole charge and the température in Fig. 16 and Fig. 17 respectively. 
Thèse plots show that the jet-quenching parameter of the M = 2 theory is larger than the 
jet-quenching parameter of the M = 4 theory. Also we find that the jet-quenching parameter 
of the three-charged black hole is larger than the jet-quenching parameter of the one-charge 
and two-charged black holes. For example by choosing R 2 = a'y/X, a' = 0.5, À = 67r, q = 10 6 
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and T = 300 MeV one can obtain q = 58 GeV 2 / fm. In that case the thermodynamical 
stability lets us choose q ~ xlO 6 for T = 300 MeV. If we consider small value of the black 
hole charge then find the same value of the jet-quenching parameter as the previous cases, 
and this point is illustrated in Fig. 17. Therefore, in order to obtain q = 5 GeV 2 / fm the 
corresponding température of the QGP is 155MeV for a small black hole charge. 
As we promised already in order to compare our results with the case of M = 4 SYM we 
also perform the re-scaling (31) which yields us to obtain the following resuit, 
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(133) 



which agrée with the results of the Refs. [52, 53], where the jet-quenching parameter calcu- 
lated with the chemical potential. The horizon radius r obtained for the case of zero-charge 
black hole. For the non- zéro charge it is clear that the horizon radius decreases (r^ < r ). 
From the relation (19) we know that the q = limit is equal to <p = limit and one can say 
that the jet-quenching parameter from the M = 2 supergravity theory with zéro chemical 
potential is equal to the jet-quenching parameter from the M = 4 SYM theory. 



6.4 Effect of the constant electric field 

In this subsection similar to the subsection 5.3 we would like to add a two form F = 
Boidt A dx\ as a constant electric field to the line élément (1). Antisymmetric field Soi = e 
is the constant electric field. Now, we are going to obtain the effect of the constant electric 
field on the jet-quenching parameter. In that case the Nambu-Goto action is given by the 
square root of the following équation, 

7 I nh2 f" + M r2 + r '\ fini 

29 =(^-iâ +e)( ff + Â ) - (134) 

Therefore one can obtain the jet-quenching parameter as the following, 

4= Ml, (135) 
ira' 

where, 

f°° dr 
I(q,e)=R 2 (136) 

Jrh 'l f *4£-A + e)Hif k r* 
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and / and % is given by the relation (2). In order to find the effect of the constant electric field 
on the jet-quenching parameter we examine above intégral for three différent cases of one, 
two and three-charged black hole. Numerically, and under near boundary approximation, 
we draw graph of the jet-quenching parameter in terms of the constant electric field and find 
that the constant electric field increases the value of the jet-quenching parameter. In the 
Fig. 18 we draw the jet-quenching parameter in terms of the constant electric field for the 
large black hole charge. 
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Figure 18: Plot of the jet-quenching parameter in terms of the constant electric field. We 
fixed our parameters as a' = 0.5, À = 6ir, q = 10 6 and T = 300 MeV. The solid line 
represents the case of Çi = q, q2 = q% = 0. The dotted line represents the case of qi = 
q2 = q,q3 = 0. The dashed line represents the case of Çi = q2 = q-i = q. It show that the 
jet-quenching parameter increased by the constant electric field. 




6.5 Higher derivative correction 

Finally, in absence of any external field, we would like to calculate the effect of higher 
derivative terms on the jet-quenching parameter. In that case the jet-quenching parameter 
obtained as the following expression, 

ira' 

where, 

f°° dr , , 

I(ç,ci)= / (138) 
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also, we used relations (14) and (15) for the case of q\ = qi = = q. One can study 
near boundary behavior of the jet-quenching parameter and find that the higher derivative 
ternis include at O(j^). In that case we find that the higher derivative ternis decrease 
the value of the jet-quenching parameter. So, for the fixed parameters such as a' = 0.5, 
A = 6tt, T = 300 MeV and small black hole charge, we obtain c\ < 0.00021 to have 
positive jet-quenching parameter, which is agrée with the resuit of the subsection 5.4. For 
example with the above fixed parameters and C\ = 0.0001 one can obtain q = 4.6 GeV 2 / fm 
which is approximately value of the jet-quenching parameter of the M = 4 SYM theory. In 
order to obtain q = 5 GeV 2 / fm the corresponding higher derivative parameter should be 
ci « 97 x 10" 4 at T = 300MeV. 
Again, we can use re-scaling (31) and obtain, 
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and radius is the root of the / = from relation (140). The équation (139) may be solved 
numerically, and explicit expression of the jet-quenching parameter can be obtained. But it is 
clear that the effect of higher derivative correction is to decrease the jet-quenching parameter. 
One can check this statement by taking q = limit. In this limit the jet-quenching parameter 
derived as, 

dr 
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(142) 



In that case it is necessary that c\ < 24«'a/A. Comparing équation (141) with the jet- 
quenching parameter of the M = 4 SYM theory tell us that the effect of c\ is decreasing the 
jet-quenching parameter. 



7 Conclusion 

In this paper we studied some important problems to understand the nature of QGP more 
exactly. Indeed, we considered thermal QGP include a chemical potential. This chemical 
potential cornes from M = 2 supergravity in 5 dimensions. This theory contains a non- 
extremal black hole with three electrical charges and well known as STU model. First of 
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ail we reviewed properties of STU model and extracted their équations. We studied ther- 
modynamics of STU background and extracted the Hawking température, entropy density, 
spécifie heat and free energy of QGP. We found that the black hole charge increase the value 
of spécifie heat. In order to compare our results with the M = 4 SYM plasma we used 
spécial re-scaling which actually was a transformation to the fiât space. 
We investigated the ratio of shear viscosity to entropy density and found that the universal- 
ity of t] /s is valid also in STU model. Also, we found that the shear viscosity is decreasing 
for the cases of one-charged and three-charged black holes and is increasing for the case of 
two-charged black hole. We discussed briefly about thermal and electrical conductivities of 
QGP. 

Then, we considered problem of the drag force and found energy loss of single quark and 
quark-antiquark pair. We showed that the value of the drag force enhanced due to the black 
hole charges. Also we calculated diffusion coefficient of the quark for the three spécial cases 
of one, two and three-charged black holse. We found that the effect of constant electric field 
is decreasing of the drag force but higher derivative terms may be increases or decreases 
the value of drag force. It dépend to the value of higher derivative parameter. Here, we 
found interesting relation between drag force of the single quark (72) and entropy density 
(20) which is s 2 oc P 3 . This relationship is valid also in the case of M = 4 SYM plasma. We 
discuss about this relation and also other interesting relations end of this section. 
Finally we studied the jet-quenching parameter and found that the jet-quenching parameter 
like the drag force enhanced due to the black hole charges. It means that the energy of the 
string in M = 2 thermal plasma is larger than the string in M = 4 thermal plasma, hence 
the string in M = 2 thermal plasma lose more energy than the string in M = 4 thermal 
plasma. In this case we found that the constant electric field enhances the jet-quenching 
parameter, but higher derivative terms decreases the value of jet-quenching parameter. We 
examine our solution for three spécial cases of one, two and three-charged black holes. Ail 
cases yield to the same value of the jet-quenching parameter for the small black hole charge. 
However, thermodynamical stability allow to choose the black hole charge of order 10 6 . In 
that case we found q = 42,49 and 58GeV 2 / fm for one, two and three-charged black hole 
respectively. Thèse values of the jet-quenching parameter are far from experiments of RHIC 
(expérimental data tell us that (5 < q < 25). There is no worry for this statement because 
the température of the M = 2 supergravity theory should given smaller than the M = 4 SYM 
theory. In that case with the température about lbbMeV we obtained the jet-quenching 
parameter in the expérimental range. 

Let us now compare some interesting ratios of QGP quantifies. First, we summarize results 
of the M = 4 SYM theory. The entropy density, drag force of moving heavy quark and 
jet-quenching parameter of M = 4 SYM QGP are given by, 

7T 2 

8 = —N 2 T 3 
2 

P = ^vVXT 2 , 

q = — v^T 3 , (143) 
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where a = 1.311 is a constant and À is 't Hooft coupling. Now, it is clear that, 



S HT 
— OC 1 , 

P 

g 

- oc Const. 
Q 

l oc T. (144) 

It is interesting to study such relations in the M = 2 supergravity thermal plasma. We 
obtained entropy density (20), drag force of moving heavy quark (72) and jet-quenching 
parameter (125) of M = 2 QGP. We can draw graph of s/P, s/q and q/P to investigate 
behavior of thèse ratios. In the Fig. 19 we give s/P in terms of the température and find 
linear behavior of T. So, it is in agreement of M = 4 case, therefore we can claim s/P oc T 
is valid at the both M = 4 and M = 2 cases. 

Also we draw s/q and q/P in terms of the température in the Fig. 20, and find that s/q 
yields to a constant. Also q/P has linear behavior of T which are in agreement of M = 4 case. 
In the récent works a gênerai non-extremal rotating charged AdS black holes in five-dimensional 
U(l) 3 gauged supergravity [78] and also higher dimensional one studied [79, 80]. Now, it is 
interesting to generalized results of this paper to thèse cases. 
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Figure 19: Plot of the s/P in terms of the température T. We fixed our parameters as 
a' = 0.5, À = 67r and q — 1. Three cases of one, two and three-charged black holes have 
similar manner for small black hole charge. It show that the s/P is linear in T. 
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Figure 20: Plot of the s/q (dashed line) and q/P (solid line) in terms of the température 
T. We fixed our parameters as a' = 0.5, À = 6ir and q = 1. Three cases of one, two and 
three-charged black holes have similar manner for small black hole charge. It show that the 
s/q is a constant and q/P is linear in T. 
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